Bacterial resistance to inactivation by antibacterial agents that is induced by the growth environment was studied. Escherichia coli was grown in batch culture and in a chemostat, and the following parameters were varied: type of substrate, growth rate, temperature, and cell density during growth. Low doses (0.75 mg/ liter) of chlorine dioxide were used to inactivate the cultures. The results demonstrated that populations grown under conditions that more closely approximated natural aquatic environments were more resistant than those grown under commonly employed batch culture conditions. In particular, bacteria grown at submaximal rates were more resistant than their counterparts grown at pLmax. The most resistant populations encountered in this study were those grown at D values of 0.02 h-1 and 0.06 h-1 at 25°C. Growth at 15°C led to greater resistance than did growth at 37°C. The conditions that produced relatively resistant phenotypes were much closer to those found in most natural environments than are the typical conditions of batch culture methods. The importance of major physiological changes that can be induced by the antecedent growth environment is discussed in light of the possible modes of action of several disinfectants.
Bacteria that are resistant to inactivation by chemical disinfecting agents are commonly encountered in a diverse set of aquatic environments, including drinking water reservoirs and distribution systems (20) , evaporative air conditioners (21, 22) , and humidifiers used in respiratory therapy (9) . The apparent resistance of the target organism has most often been attributed indirectly to protection by physical means, e.g., association with particulate matter (13) or occlusion within a biological film on a surface (6) . Equally important is the genotypic provision of a protective capsule or spore, as well as abiotic factors such as extraneous chemical demand for the disinfectant. Often overlooked, however, is the resistance proffered by environmentally induced changes in phenotype that can occur during growth before the disinfection process.
These phenotypic changes can be quite significant, particularly during a laboratory evaluation of a disinfectant. We have shown, for example, that a fecal isolate of Escherichia coli grown in batch culture with nutrient broth is orders of magnitude more sensitive to chlorine and chlorine dioxide than are in situ wastewater-grown coliforms (1). Other studies (4, 5, 7) , including a study by Milbauer and Grossowicz in 1959 (18) , also corroborate the view that antecedent growth conditions greatly influence the sensitivity of an organism to a variety of disinfectants.
Pseudomonas aeruginosa and atypical mycobacteria were shown by Carson et al. (4, 5) to be capable of growth in deionized water. The organisms grown in that environment possessed markedly greater resistance to chlorine dioxide than did those grown on Trypticase soy agar (BBL Microbiology Systems). Similarly, in a study by Favero and Drake (7), swimming pool water isolates grown in "pool water" demonstrated much greater resistance to iodine than did their counterparts grown on Trypticase soy agar.
The objective of the present study was to investigate differences in sensitivity attributable to the antecedent growth environment. Particularly, we contrasted those environmental parameters which are routinely employed in laboratory studies with general ambient aquatic conditions. For example, the optimum growth temperature of 37°C is often used to culture enteric bacteria in the laboratory, whereas in nature enteric bacteria are capable of growth at a temperature as low as 15°C in water reservoirs (20) . Also, the growth rates (,u) encountered in natural aquatic environments are often as low as 0.01 h-1, as shown by Jannasch (14) and Brock (3) . We hypothesized that such differences in growth temperature and rate may affect importantly the sensitivity of organisms to disinfectants. Therefore, we compared the sensitivity to disinfection SENSITIVITY OF E. COLI TO CHLORINE DIOXIDE 815 of cultures grown at submaximal rates and suboptimal temperatures with that of conventional batch cultures in which lLma, was attained.
In this study the chemostat was employed to attain nutrient-limited growth while another aspect of the growth environment, e.g., temperature, was manipulated separately. Manipulations such as changing the specific growth rate have been shown by Matin (16) and others (17, 19) to have important effects on the physiology of bacterial cells. These include alterations in the cell surface-to-volume ratio and in the levels of specific enzyme activity. Therefore, these and other phenotypic characteristics that may affect important target sites for disinfectants may be altered by changes in growth conditions, conferring a change in sensitivity as a function of the antecedent growth environment. 660 nm, had attained a value equivalent to the steady-state cell density of the corresponding chemostat culture. This usually occurred at the late logarithmic phase of growth. The relationship between the OD and the concentration of bacteria, as determined by colony formation on m-Endo agar (Difco) with batch or chemostat cultures, was identical within the precision attainable by serial dilutions (for colony counts) and by absorption measurements (for OD values).
MATERIALS AND METHODS
Disinfectant. Chlorine dioxide (CI02) stock solutions of approximately 2,000 mg of C102 per liter were generated by acid activation of a sodium chlorite solution as previously described (1). Working stock solutions of 100 mg of C102 per liter, prepared by dilution of the original stock, were standardized before each experiment. These solutions were stored at 4°C in the dark and discarded after 10 days. Dose-response experiments indicated that a dose of 0.75 mg of C102 per liter resulted in significant killing while providing measurable concentrations of residual disinfectant and surviving organisms. Residuals were measured by iodometric back titration (2) .
Inactivation conditions. The disinfection reactor consisted of a baffled, well-mixed, pressurized 1-liter vessel held at 23 ± 1C. Bacteria were suspended in 600 ml of C102-demand-free buffered basal salts solution at a concentration of approximately 107 cells per ml. Bacterial concentration was adjusted by using OD as the criterion. Due to the C102 demand exerted by nutrient broth, cells grown in this medium were centrifuged and suspended in demand-free buffered salts solution. Control experiments showed that the centrifugation did not affect viability, and the rinsing step had no effect on cell sensitivity to C102. Cells grown in glucose medium were placed directly into the inactivation solution, since this medium showed no significant C102 demand.
The cell suspension in the reactor was rapidly injected with C102 to yield a dose of 0.75 mg/liter. Dye studies showed that complete mixing occurred within 5 s. Samples were withdrawn at times ranging from 15 s to 15 min in sterile bottles containing sufficient Na2S203 to quench any residual C102.
Recovery conditions. Samples were immediately diluted to yield 20 to 200 colonies and recovered on membrane filters (Gelman (glucose and nutrient broths) and two different temperatures (25 and 37°C) were included in these measurements. A composite of the experiments based on the fraction of cells surviving after 15 min is shown in Fig. 2 and 3 for glucose and nutrient broth growth media, respectively.
The resistant fraction (N15/NO) is plotted as a function of D and growth temperature for cells grown in 0.02% glucose (Fig. 2 ) and in 0.16% nutrient broth (Fig. 3) . It is clear that in either medium and at either temperature, the D at z 0 )00
Lir which the antecedent growth occurred had a pronounced effect on the sensitivity of the culture to C102 ( Fig. 2 and 3) . In glucose medium, the sensitivity was lowest at an intermediate growth rate (0.20 h-1) and increased with either decreasing or increasing D. In nutrient broth the pattern was less complex, and there was in general a decrease in resistance with increasing D. In both media the resistance tended to be greater after growth at 25 than at 37°C, especially at low D values. C102 . We emphasize that the density during growth is the determining factor here and not the density of populations subjected to the inactivation procedure: the latter density was kept constant in all experiments, as described above.
DISCUSSION
A major objective of this study was to critically test the premise that antecedent growth conditions can influence bacterial sensitivity to disinfectants. The results clearly establish the validity of this premise, and it is evident that the sensitivity of E. coli is markedly influenced by all of the four environmental parameters of growth tested here, i.e., the qualitative nature of the growth environment (as evidenced by the difference between glucose and nutrient brothgrown cells cultivated under otherwise similar conditions), degree of nutrient limitation, temperature, and density of the culture. These results strengthen the notion that the often-observed differences in sensitivity between natural populations and their laboratory-grown counterparts is due to their different antecedent growth conditions.
The relationship between growth rate and sensitivity became evident during other experiments in our laboratory with batch cultures (8) . Similarly, for E. coli cells grown in the chemostat in nutrient broth at either 25 or 37°C, our results showed an increase in sensitivity as the growth rate increased. Based on those results, a population growing more rapidly was hypothesized to be more sensitive. For example, active substrate transport systems or genetic material could be more easily damaged in a growing than in a senescent population. Grunau (10, 11) reported similar results, correlating an increased amount of replicating DNA during rapid growth with increased sensitivity to UV light.
The effect of growth temperature was more variable than that of growth rate on s;nsitivity. Some distinct differences existed, yielding more sensitive populations at higher growth temperatures. If it is assumed that the permeability of the outer membrane to small molecules is due in part to the fluidity of the lipid bilayer, then those results are reasonable. This effect of permeability with respect to temperature-modified lipids has been demonstrated previously (8) . Also, Haas, in his work with atypical mycobacteria, suggested that the dense lipid layers of the mycobacteria offer protection against penetration of chlorine (12) . A less permeable membrane could retard the leakage of other small constituents (e.g., K+) critical for viability (2) as well, especially for a sublethally injured bacterium. On the other hand, our data showed cases to which this hypothesis did not apply, i.e., when temperature had no significant effect on sensitivity. This may have'been due to an overriding factor controlling the sensitivity in that particular growth regime.
The SR increased the steady-state biomass. However, a decrease in sensitivity with increased SR was unexpected. We can offer no explanation for this finding.
The results presented here show that populations grown under conditions that more closely approximate natural environments are more resistant to disinfectants than are those grown under commonly used laboratory conditions. Since the conventional growth conditions (e.g., batch culture at 37°C) are representative of techniques commonly employed in laboratory evaluations of disinfectants and in the elucidation of mechanisms of inactivation, it appears that the alternative methods presented in this work merit further study.
